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ASSESSMENT OF THE ACCURACY OF A LASER-TYPE- DOPTLER FLOW
METER WITH A GAUSSIAN DISTRIBUTION OF LIGHT BEAM INTENSITY

G. A. Barill and V. S. Sobolev ' 1/1981%

The problem of the measurement accuracy 1is very important’
when designing laser equipment for measuring the velocities of
streams of liquids and gases. A rough estlmate of the potential
accuracy of a laser-type Doppler flow meter (LDFM) was made in
[1] for a cosine approximation of the light intenslity distribu-
tion in the region of the focal point. This article presents the
results of studying the accuracy of the most promising LDFM with
amplitude division of the laser beam and a gaussian digtribution
of the light intensity in the beams. It is assumed that the
system for the signal electron processing is based upon the
transformation of the "frequency}code" or "frequency-analog"
principle and gilves the average ﬁelocity in a very large time
period and the "instantaneous" value in the form of the analog
signal or codes in a small time Interval.

A study 1s made of the methodical errors of the LDFM
caused only by the random nature of the particle appearance in
the focal region of the device. 1t is assumed that the optical
portion of the LDFM is basged on the system given in [2], in
which additive noise of the laser'and the low freguency component
of the Doppler signal are compensated, and the electron portion

% "Numbers in margin indicate pagination in original forelgn text.



-containg a very narrow-band slave filter. Due to this,-the
nolse of the laser and the photoreceiver are not taken into
account during the analysis.
The following expression describes the Doppler signal at
the photoreceiver output for the LDFM design with amplitude
division of the laser ray and gaussian inciééﬁijbééﬁé:fﬁigﬁré i3,]/1982

(under the condition that there 1s compensation or filtration
of the low-freguency component) [1] i

ity == Ac.[—(“f—nnﬂw;éfrﬁm\
i( Z exp \&*Pf/ *Jeos o (1)

i=i

where 1(t)-is the running value of the photoreceiver current;
Ai-— amplitude of the envelope of the signal transmitted by the
ith particle; Ai depends on the laser power, the sensitivity of
the photoreceiver, and the dimensions and optical properties

of the particle; t,~— moment at which the ith scattering particle
.enters the center of the ray interference field; W™ circular
Doppler frequency; N— number of particles passing through the
focal reglon during the observation period; 5F-parameter of the
envelope of the Doppler signal from one particle; the value of
| for gaussian beams is determined by the expression v=d/j/i2s| -
where d— diameter of the laser ray at the level at which its
relative intensity is decreased by a factor of exp(—2); b— dis-
tance between the beams in the lens plane.

Analyzing'the exponent of tl), we can readily see that the
parameter Y|determines the length of the Doppler radio beam,
obtained from one particle, and 1s thus related to the number of

Doppler periods M, confined in the level|'exp(—2) of the envelope: |

Y= T, | 2)
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‘Thus M equals the number of the interference bands in the inter-
ference field.

The frequency, which is proportional to the velocity of
motion, is an informative parameter of the Doppler signal. The
random w{ﬁfigfﬁﬁwwkof signal pulses from each particle leads to
fluetuatlions in the totai sighal phase and, conseguently, to
deviations in its frequency from the Doppler frequency even when

the flow velocity Kgg%phe particle) is unchangedﬂ These deviations

lead to errors’in determining the average flow veloclty and cause
noise equivalent to a certain turbulence, even when laminar flows
are studled. A determinatilon of:this error and an assessment of
the noise of the LDFM output — if by noise we mean the mean
square deviations of the particle from its average values — is
the purpose of this study.

It is known [3] that for normal stationary random processes,

the values of the signal mean frequency and its mean square fluctua~

ﬂ

tions are arbltrary autocorrelation functions of fThe process.



" Assuming that the particle flow has a Poisson characteristic
and taking into account the formula of Campbell [3], we may
readily obtain the autocorrelation function of the Doppler
sighal, since in this case it coincides with-the—autocorrelation
function of the signal from an individual particle. As 1s known,
for an ergodic random processifff);mEhéﬁﬁg}ﬁéd-éﬁﬁocofrélégl:

tion function is determlned byfA

: 1
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Substituting the expression for the signal from an individual
particle from (1) into (3), and after the|corresponding)

transformations, we obtain

E&r}=cm[ %L] cos "’D? ) (4)

Let us now determine the average frequency of the Doppler signal
and the mean square fluctuations of the particle or the equivalent
noise. We will assume that the average frequency is the average
number of signal ﬂEHE?ﬁE?P at the zero level per unlt time.
Assuming that the concentration of particles scattering light
in the flow is large, and that the flow 1s laminar., we may
assume that the Doppler signal 15 a stationary grgodic process
with a gaussian dlstribution. It 1s known [3] (Formula 9.4.6)
that for this type of process

- =—LVW,.\

2n (5)

wherefﬁ’wy:&ﬁﬁﬁé%lwhean = 0. Determining R" (0) from (4) and
substituting the value found in (5), we obtain

v Wh e N
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Taking the fact into account that in real LDFM designs,
the parameter y<o04], since the diameter of the laser ray is
always much less than the distance between the divided beams,
we may transform expression (6) to the following form

() ")

If N—- is the average frquency of the Doppler gignal and fD—— is

the true frequency corresponding to the laminar flow velocity,

then the relative error in measuring the frequency will equal

. N T

51_——%%bn:—= Mz.\ (8)
fp * =0

Thus, the error caused by applications of partial signals from

individual particles is always positive and inversely proportional

Lo the square of the number of interfering bands M in the inter- -

ference fleld of the laser rays.
For the typilcal case when M = 20, we have &i=005%)

Since the value of M is always constant for a given optical
system, in calibrating the flow meter, a correction may be intro-
duced which takes into account the error examined.

The partilcle velocityiﬁ]is'related fo the Doppler displace-
ment of the frequency by the known relationship '

iy
2 sin(9/2) ©

U=

where A— 1s the length of the light wave emitted by the laser;
—angle between the light beams which are incident gfid stattered:
Consequently, the total errvor of the veloclty measurement is deterd

mined both by the accuracy of measuring the frequency‘thand the .



accuracy of determlnlng the angle 6. In "Doppler'ffédﬁéhéy;code"
transformation systems, the efrfor of measuring the freguency

comprises thousanﬂths éf"a pefﬁént which, 1in order of magnitude

the ¢ angle in ex1sting LDFM systems 1is 0.1 - 0.2%. 1In theAcase
of absolute measurements of the flow velcocities, thls error is
decisive since it makes the greatest contribution to the result-.
ing error. 1In.the case of relative measurements, the LEEEE_EE“;J@J

error is decisive, which may be taken into account by 1ntrodu01ng

the correction.

We may use the fluctuations of the "instantaneous™ frequency

of the Doppler signal, caused by the ;pile-up of signals from |-

individual particles, as the estimate of the error arising durlng
measurements of the "instantaneous" velocity of turbulent flows.
If we use the mean square deviation of the number of signal
;Eggzputs | at the zero level per unit time as the fluctuations of
the frequency, we may make such.an estimate. It is known that
for the normal random process with an autocorrelation function

of the form i} j
'{ R(r) =p{x} coz wt ] \

the dispersion Dn cf the number of signal transitilions through - /198Y

zero during the measurement time 7 (#»w| , when TOF— correlation
time) 1s determined as follows [3] (Formula 1.7.23):

fenr
u"—T'_ T.
Jl —~n* (t) \

Taking (4) into account, we assume that

(9)

e ’? :
p(t) = exp [ —EEE] \

Assuming that the measurement time T is much greater than éhe

correlation time, we may determine the integral (9) in limits



from zero to . Then
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wheregﬁﬂbkv— is ﬁhelgamma funetion; /= )| — zeta function of
Riemarin, The mean square deviation op of the number of positive
zero-transitions of the signal ber unit time . is determined as

b o VD, 04M.

f = e = e = DL -
o s | (11)

where S=T/TD= TfD — relative duration of measurement time;
M— just as previously, the number of interference bands in the
foecal plane.

The signal/noise ratio may be determined as follows: [with

allowance’ for- (797« ree tar . ,
:‘ v_fi_ 0A1@P - 041
? = N s g 1S

BaleT)

(12}
where N—— average number of s;gnaliggpputs |?at the zero level per
unit time determined from (7).

Thus, the magnitude of fthe signal/noise ratio for laminar
~gradientless flows 1s determined exclusively by the relatilve
width M of the signal pulse of a single particle and by the
relative measurement time S and increases wilth a decrease in
the 1ndicated values. For typlical M §]20 and S = 1000, the
signal/noise ratio is 0.3%. However, 1f the time of a single
measurement equals 1OTD, i.e., S = 10, the relative noise in-
ereases to 3%.

L If we .assume a linear-piecewise approximation for the
signal 1nstantane0us frequency, then 1n accordance with the
Kotel'nikov theorem, the padSs band of the velocity pulsation



frequencies is determined
according to -the formula

. -
i A (13)

Por S = 1000 the maximum fre-
guency of the pulsatidn spectrum
will be 2,000 times smaller than
the Doppler frequency. Taking the
faet into account that the Doppler
frequency may be selected very
large, the relationship (13)
satisfies the reguirements of the

R RGN S0 N

Figure 2,

maJority of problems of hydrodyhamics and aerodynamics.

As was 1ndlcated above, the results of the statistical
analysls of the "frequency" of the Doppler signal are valld only
in the case of a normal distribution of thellatter. However,

a real LDFM signal is far from always a normal random process.
If the particle concentration is small, or if there 1s a very
high spatial resolution of the equlpment, the signal will have

individual, or rarely intérsecting, radlo pulses.

Tc determine the methodical error in thils case and the
limits of applicability of the relationships obtained above,
the Doppler signal was modeled on a computer. The program /1985
was formulated feor a Polsson flow of particles. A curve was
compiled for the distribution of the signal values, the length
of each {output | at the zero level was determined, and the
statistical characteristics were obtained for the valueg reached

{eonverted to "frequency") for a glven averaging.time... Flgure 2.

gives the results of the modeling, showing the curves characteriz-
ing the signal/noise ratioc at the LDFM output as a function of

. 8



‘the averaging time. Curve 1 was based on Expression (12),
obtained from an analytical examination of a gaussian Doppler
signal, and curves 2, 3, 4 were obtained by mathematical modeling
for different concentrition® of the scatterers. "It may be seen
from Figure 2 that curves 1 and 4, during an averaging time

greater than 107, completely coincide, i.e., beginning at

3
concentrations ag which there are no less than four particles
at the same time in the flow reglon examined, the characteristics
of the real signal 1n which we are interested coinclde with the
characteristics of The corresponding gaussian process. To assess
the LDFM errors, we may use Expressions (8) and (12). An analysis
of the curves in Figure 2 shows that the smaller 1s the particle
concentration, the smaller i1s the signal/noilse ratio. However,
it must not bd forgotten that as the signal in this case we use
the constant value which is equivalent to the average velocity of
the particles (flow). If the vélocity fluctuates, with a small
““concentration of partiecles, loss of information regarding the high
frequency spectral region for these fluctuatlons becomes unavoid-
able.

The authors would like to thank A. G. Senin for valuable
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